Background-Heart failure (HF) is associated with excessive extracellular matrix (ECM) deposition and abnormal ECM degradation leading to cardiac fibrosis. Connective Tissue Growth Factor (CTGF) modulates ECM production during inflammatory tissue injury, but available data on CTGF gene expression in failing human heart and its response to mechanical unloading are limited.
INTRODUCTION
Heart failure (HF) is a complex disorder and remains a significant cause of morbidity and mortality in both developed and developing countries. The process of left ventricular (LV) remodeling is an important indicator of morbidity and mortality in patients with HF. The most prominent changes include compensatory hypertrophy of cardiomyocytes and myocardial fibrosis. 1 Myocardial fibrosis involves both increased deposition of extracellular matrix (ECM) proteins, as well as altered composition of the ECM. 2 Although ECM remodeling may initially be regarded as an adaptive response to increased wall stress and neurohormonal activation, it ultimately may contribute adversely to tissue structure and function, causing increased cardiac stiffness, and may serve as a predictor of mortality in patients with HF. Therefore, it is important to identify molecular and cellular events that contribute to ECM remodeling.
The ECM of the heart includes the fibrillar collagen network, basement membranes, and proteoglycans. [3] [4] [5] In both human and animal studies, changes in LV geometry and function have been associated with changes in the fibrillar collagen network. 4, 5 Alterations in myocardial collagen alignment, structure and support contribute to the progressive LV dilatation and remodeling which accompanies HF. Changes in total myocardial collagen content, collagen subtypes, and collagen cross-linking are important features of ECM remodeling, and each may contribute to changes in passive myocardial stiffness. [6] [7] [8] Left ventricular assist devices (LVADs) provide mechanical support for the end-stage HF patient, and are often used as a bridge to cardiac transplantation as well as for "destination therapy." LVADs have been demonstrated to cause reverse-remodeling, which is defined as the reversal of chamber enlargement, the reduction in LV mass and the improvement in global pump function. 9, 10 Mechanical unloading has been associated with normalization of diastolic chamber properties. 11, 12 In addition, mechanical unloading has been associated with a trend toward normalization in cardiomyocyte function, 13 calcium cycling properties, 14 and gene expression. 15 In addition to changes in intrinsic myocardial properties, mechanical unloading is associated with changes in the characteristics and metabolism of the ECM. However, unlike other aspects of reverse remodeling of the myocardium, the ECM changes do not uniformly reflect a return towards normal conditions. 13, 16, 17 Connective Tissue Growth Factor (CTGF) is a secreted multifunctional protein that belongs to the CCN (Cyr61, CTGF, and Nov) family of growth factors. 18 CTGF has been implicated in mediating fibrosis, ECM production, hypertrophy, adhesion, proliferation, differentiation, migration, angiogenesis, and apoptosis, 19, 20 all of which are common features of myocardial remodeling. CTGF is highly expressed in both cardiac fibroblasts and cardiomyocytes, 21, 22 and may be involved in initiating cellular processes underlying fibrosis. 23, 24 For instance, CTGF was up-regulated during the pathogenesis of several fibrotic disorders, such as atherosclerosis, scleroderma, and liver and kidney fibrosis. [25] [26] [27] [28] CTGF has also been implicated in the induction of cardiac fibrosis in animal models of LV remodeling. 29, 30 However, available data on CTGF gene expression in failing human heart, and its response to mechanical unloading are limited.
MATERIALS AND METHODS

Left ventricular tissue from nonfailing and failing human hearts
Samples of left ventricular (LV) tissue were obtained from Loyola University Health System's (LUHS's) Cardiovascular Institute Tissue Repository, and from the Gift of Hope Organ and Tissue Donor Network. The investigation conformed to the principles outlined in the Declaration of Helsinki. A detailed protocol and informed consent document were reviewed by LUHS's Institutional Review Board prior to tissue procurement. Following informed consent, explanted LV tissue was obtained from patients undergoing heart transplantation for ischemic (ICM) and nonischemic, dilated cardiomyopathy (DCM). Tissue samples were quick-frozen in liquid N 2 in the operating room and stored at −80°C. Following informed consent from organ donor family members, nonfailing (NF) donor hearts judged unsuitable for cardiac transplantation were stored in cardioplegic solution on ice and were delivered within 4h of cardiac extirpation by the Gift of Hope Organ and Tissue Donor Network. Tissue samples were then quickly frozen in liquid N 2 , and stored at −80°C.
Matched LV core and explanted tissue were obtained from an additional 15 patients who underwent left ventricular assist device (LVAD) implantation (HeartMate II, Thoratec Corp., Pleasanton, CA) as a bridge to transplant (DCM=11; ICM=4). All patients were in NYHA Class IV HF at the time of LVAD implantation. Unloading time ranged from 42 to 1145 days. Care was taken to obtain LV tissue from the explanted hearts directly adjacent to the placement site of the LVAD inflow cannula.
Protein-bound hydroxyproline assay
LV tissue samples (~100mg wet wt) from NF (n=20), DCM (n=20), ICM (n=20) and paired pre-and post-LVAD (n=13) patients were homogenized in lysis buffer, 31 and after removal an aliquot for analysis of total protein, the homogenates were transferred to vacuum hydrolysis tubes (ThermoFisher Scientific, Rockford, IL) and hydrolyzed in 6N HCl (18h, 110°C). Hydrolysates were evaporated to dryness (Haake Buchler Evapotec Vortex Evaporator, Ft. Lee, NJ) and resuspended in 1.0ml of water. Hydroxyproline concentration was measured by the method of Woessner 32 using freshly prepared, vacuum-dried Lhydroxyproline (Sigma, St. Louis, MO) in 1 mM HCl as standard. Hyproxyproline content (μg) was normalized to the total protein content (mg) determined by bicinchoninic acid protein assay (Pierce Chemical Co, Rockford IL) using bovine serum albumin as standard.
mRNA analysis
LV total RNA was extracted using TRIzol® Reagent (Life Technologies, Carlsbad, CA), and further purified with the RNeasy kit (Qiagen, Valencia, CA). On-column DNase digestion was performed with the RNase-Free DNase Set (Qiagen, Valencia, CA). RNA was quantified by absorbance at 260 nm and its integrity was determined by examining the 28S and 18S rRNA bands in ethidium bromide-stained agarose gels. CTGF, TGFB1, ANF, COL1-A1, COL3-A1, MMP2 and MMP9 mRNAs, and eukaryotic 18S rRNA were then analyzed by real-time RT-PCR, as previously described. 33, 34 The mixture consisted of 10 l of sample cDNA, 1.5 l DEPC water, 12.5 l TaqMan® Universal PCR master mix, and 1 l of a primer/dual labeled probe combination specific for each gene of interest. TaqMan® and all primer/probe combinations were obtained from Applied Biosystems (Foster City, CA). PCR amplification was performed by cycling between 95°C (15s) and 60°C (6 0s) for 45 cycles, using the 6-FAM fluorophore for quantification. All samples were run in triplicate, and the results were averaged. The ΔΔCt method was then used to quantify specific mRNA levels relative to 18S rRNA.
Tissue sectioning and image analysis
Paraffin-embedded sections (6μm thick) were routinely prepared by the LUHS and Emory University Hospital Pathology Departments, and stained with Mallory-Trichrome stain. Randomly selected digital color photomicrographs were then acquired using an Olympus BH2 microscope with a 10X objective and a Nikon D200 digital camera (20 images per section). Images were then transferred to a desktop computer using Nikon Camera Pro-2 Software (Ver. 2.7.2), and analyzed for collagen content on the basis of color thresholds using ImageJ software (NIH; Bethesda, MD). A minimum threshold (50 arbitrary units) was established for background (white) and each color channel (red, orange, and blue). Interstitial fibrosis was defined as the average collagen area fraction (%) of the blue channel determined in regions of interest that excluded areas of gross scar and perivascular fibrosis.
Immunofluorescent microscopy was performed on frozen sections of failing LV myocardium. Tissue samples were embedded and frozen to −80°C in OCT. Sections (~10μm thick) were fixed in 4% (w/v) paraformaldehyde and permeabilized with 0.1% (v/v) Triton X-100. Following treatment with 10% goat serum, the sections were then sequentially stained with mouse anti-human CTGF (Santa Cruz Biotechnology; Santa Cruz, CA) and rabbit anti-chicken α-actinin (Sigma-Aldrich; St. Louis, MO) primary antibodies, followed by rhodamine-labeled goat anti-mouse or FITC-labeled goat anti-rabbit antibodies, respectively. Sections stained without primary antibodies served as controls for nonspecific staining. Sections were viewed under a Zeiss Axioskop epifluorescent microscope using Axiovision AC (Ver 4.5) software.
SDS-PAGE and Western blotting
LV tissue samples (~200mg) were homogenized in 2ml of extraction buffer, containing 10mM cacodylic acid, 150mM NaCl, 20mM ZnCl 2 , 1.5mM NaN 3 , and 0.1% Triton X-100 (pH 5.0) according to the method of Spinale, et al. 35 Following centrifugation, the pellet was resuspended in extraction buffer, and the procedure was repeated in triplicate. Pooled supernatant fractions were concentrated in Pierce concentrators (20kDa molecular weight cutoff) and total protein concentration was assayed using the bicinchoninic acid protein assay. Equal amounts of extracted proteins (200μg) were separated by SDS-PAGE on 10% polyacrylamide gels. Separated proteins were transferred to nitrocellulose, and the membranes were probed with rabbit anti-human MMP9 (Cell Signaling Technology; Beverly, MA). Equal loading was confirmed by quantifying GAPDH in each sample. Primary antibody binding was detected with horseradish peroxidase-conjugated goat antirabbit or anti-mouse secondary antibodies, and visualized by ECL. Band intensity was quantified using an HP Scanjet 4890 flatbed scanner and UN-SCAN-IT Gel, Ver. 6.1 software.
Statistical analysis
Results were expressed as means±SEM. Normality was assessed using the Kolmogorov-Smirnov test, and homogeneity of variance was assessed using Levene's test. Data for multiple groups were compared by 1-way ANOVA or 1-way ANOVA on Ranks followed by the Student-Newman-Keuls test. Data from paired samples were compared by paired ttest, or Signed Rank Test, where appropriate. Differences among means were considered significant at P<0.05. Linear regression analysis was performed on 2 variables to determine correlation coefficient (R values) and the analysis of variance of the regression. Data were analyzed using the SigmaStat Statistical Software Package, Ver. 3.1 (Systat Software, San Jose, CA).
RESULTS
Fibrosis in end-stage heart failure
We obtained LV tissue from patients undergoing cardiac transplantation, and from nonfailing (NF) donor hearts unsuitable for transplantation. We first quantitatively analyzed LV collagen concentration in the ECM by measuring the concentration of protein-bound hydroxyproline in portions of LV tissue from NF (n=20), DCM (n=20), and ICM (n=20) patients ( Figure 1B ). Hydroxyproline concentration was significantly increased in DCM relative to NF samples. We then analyzed the degree of interstitial fibrosis in a subset of the same patients. Figure 1A depicts representative images of NF (n=6), DCM (n=6) and ICM (n=7) tissue sections stained with Mallory-Trichrome stain -interstitial collagens stain blue. Average collagen area fractions were quantitatively analyzed in Figure 1C . As seen in the representative images and quantitative data, LV tissue from patients with DCM had the highest collagen area fraction. Furthermore, there was a significant, albeit weak correlation (R=0.49; P=0.034) between the biochemical analysis of protein-bound hyproxproline, and the degree of interstitial fibrosis observed by quantitative image analysis ( Figure 1D ).
CTGF, COL1-A1, and COL3-A1 expression levels in end-stage heart failure
Next, we analyzed mRNA expression levels for atrial natriuretic factor (ANF) (a tissue marker of mechanical overload), and CTGF, COL1-A1 and COL3-A1 in the same NF, DCM, ICM patients (n=20 in each group). (COL1-A1 and COL3-A1 are the mRNAs encoding the α1 chains of Type I and Type III collagens, respectively.) ANF expression was significantly elevated in both DCM and ICM tissue samples (2.6±0.2-and 1.9±0.2-fold for DCM and ICM patients, respectively; P<0.05 for both) (Figure 2A ). The expression of CTGF mRNA in DCM and ICM LV tissue samples was also significantly elevated as compared to NF controls (5.3±0.6-and 2.6±0.3-fold for DCM and ICM patients, respectively; P<0.05). However, the degree of CTGF up-regulation was significantly greater in DCM as compared to ICM patients (P<0.05). In addition to CTGF, the expression levels of COL1-A1 and COL3-A1 mRNAs were significantly elevated in DCM and ICM patients as compared to NF controls ( Figure 2B ). Furthermore, there were close correlations between mRNAs for COL1-A1 and COL3-A1 (R=0.87; P<0.001) ( Figure 2C ), CTGF and COL1-A1 (R=0.57; P<0.001) ( Figure 2D ), and CTGF and COL3-A1 (R=0.54; P<0.001) ( Figure 2E ).
Co-immunolocalization of CTGF and α-actinin, a sarcomeric protein that is highly expressed in cardiomyocytes, was evaluated in frozen tissue sections of failing LV myocardium. As seen in Figure 3 , cardiomyocytes were the predominant source of CTGF. Virtually all of the α-actinin positive cardiomyocytes stained with a CTGF-specific primary antibody. However, occasional CTGF-positive, α-actinin negative cells were identified within the interstitial space, and CTGF staining was also noted in the basement membranes surrounding individual cardiomyocytes.
Fibrosis in mechanically unloaded hearts
We next examined the molecular changes associated with LVAD support and how these may contribute to reverse ECM remodeling. Myocardial tissue was obtained from the apical core at the time of LVAD implantation, and from the adjacent apical area at the time of cardiac transplantation. As was the case for the explanted DCM and ICM tissue samples, there was substantial variability in the concentration of protein-bound hydroxyproline in the pre-LVAD tissue biopsies. However, mechanical unloading had no significant effect on the average hydroxyproline concentration ( Figure 4A ). Furthermore, individual paired samples from both diagnostic groups showed no consistent change in hydroxyproline concentration (Supplemental Figure 1A) , and the duration of unloading did not appear to influence this parameter (Supplemental Figure 1B) . Paired tissue sections from a subset of these patients (n=7) were also analyzed for the presence of interstitial fibrosis by Mallory-Trichrome staining and digital image analysis. As seen in Figures 4B and 4C , there was a small, but statistically significant reduction in mean collagen area fraction following mechanical unloading (48.9±2.9% vs. 40.1±1.1% for prevs. post-LVAD samples; P<0.001). Individually, all patients demonstrated a reduction in collagen area fraction (Supplemental Figure 1C) , which appeared to be unrelated to the diagnosis, or the duration of unloading (Supplemental Figure 1D ).
CTGF expression in mechanically unloaded human hearts
Although mechanical unloading normalizes most genotypic and phenotypic abnormalities that occur during HF, its effects on regulators of ECM production and turnover are not fully defined. One explanation for the failure of unloading to cause regression of fibrosis in HF was the continued, increased expression of profibrotic genes in the unloaded heart. Therefore, we investigated the role of LVAD support on CTGF and other pro-fibrotic genes, which may regulate ECM remodeling in HF. Although there was substantial variability in the level of CTGF expression at the time of LVAD implantation (Supplemental Figure 2) , real-time RT-PCR revealed that unloading indeed significantly reduced CTGF mRNA levels in most patients (12/15) (Figures 5A), and returned average CTGF mRNA levels to those observed in NF patients ( Figure 5B ). The reduction in CTGF mRNA levels also correlated with the reduction in ANF mRNA ( Figure 5C ). CTGF mRNA down-regulation occurred in both DCM and ICM patients, but appeared unrelated to CTGF mRNA levels at the time of LVAD implantation, or the duration of unloading ( Figure 5D ).
Transforming growth factor ß1 expression in mechanically unloaded human hearts
Transforming growth factor-ß1 (TGFB1) is a known regulator of both CTGF and fibrillar collagen gene expression in cardiomyocytes and cardiac fibroblasts (for review, see 36, 37 ). Therefore, the same samples were analyzed to determine whether unloading reduced TGFB1 mRNA levels to the same extent as CTGF. As seen in Figure 6A , unloading also significantly reduced TGFB1 mRNA levels in all patients, and returned average TGFB1 mRNA levels to those observed in NF patients ( Figure 6B ). TGFB1 mRNA down-regulation occurred in both DCM and ICM patients, and also appeared unrelated to levels at the time of LVAD implantation, or the duration of unloading ( Figure 6C ).
Collagen gene expression in mechanically unloaded human hearts
Although mechanical unloading for up to 1145 days did not significantly reduce proteinbound hydroxyproline levels ( Figure 4A ), we investigated whether LVAD support caused a pre-translational reduction of COL1-A1 and COL3-A1 gene expression. As shown by realtime RT-PCR, there was considerably less variability in fibrillar collagen gene expression in LV tissue samples before and after mechanical unloading (Supplemental Figure 3) . Furthermore, COL1-A1 and COL3-A1 expression levels were indeed significantly reduced in post-LVAD tissue samples, indicating that mechanical unloading also regulated fibrillar collagen gene expression ( Figures 7A) . The degree of down-regulation was similar for both COL1-A1 and COL3-A1 ( Figure 7B) , and was coincident with the down-regulation of CTGF and TGFB1 mRNAs. However, unlike CTGF and TGFB1, COL1-A1 and COL3-A1 gene expression remained significantly elevated as compared to NF controls ( Figure 7C ). Nevertheless, there was a close correlation between the reduction in CTGF mRNA levels following unloading, and the reduction of COL1-A1 and COL3-A1 mRNAs (Figures 8A and 8B, respectively); but there was no significant correlation between the reduction in protein-bound hydroxyproline and CTGF mRNA ( Figure 8C ).
Matrix metalloproteinases in mechanically unloaded human hearts
Another potential explanation for the failure of unloading to cause regression of fibrosis in HF was the simultaneous, unloading-induced down-regulation of matrix metalloproteinases responsible for the degradation of the fibrotic, cardiac ECM. 38 Therefore, we first analyzed MMP2 and MMP9 mRNA levels in NF and HF samples prior to mechanical unloading. Both MMP2 and MMP9 mRNA levels were significantly elevated as compared to NF controls (2.7±0.3-and 11.7±2.9-fold for MMP2 and MMP9, respectively; P<0.05 for both).
LVAD support significantly reduced MMP9 (but not MMP2) mRNA levels ( Figure 9A ). However, mechanical unloading did not completely return MMP9 mRNA levels to those observed in NF control hearts ( Figure 9B ). The pre-translational reduction in MMP9 mRNA levels caused a significant reduction in MMP9 protein expression, as analyzed by Western blotting (Figures 9C) . A quantitative analysis of MMP9 protein levels (relative to GAPDH) in 13 paired pre-and post-LVAD samples is depicted in Figure 9D .
DISCUSSION
Assessment of interstitial fibrosis in human HF
Ventricular remodeling in HF involves a complex series of events that ultimately results in substantial alterations in cardiomyocyte and fibroblast gene expression, tissue fibrosis, and worsening contractile dysfunction. Both mechanical overload and neurohormonal activation that accompany the HF state contribute to the functional deterioration, although it remains unclear what changes are reversible following mechanical unloading. In this report, we demonstrate that CTGF may be a key regulator of the interstitial fibrosis that accompanies maladaptive remodeling and progression to HF. Although mechanical unloading normalizes many of the pro-fibrotic alterations in gene expression, its effect on ECM remodeling during HF was incomplete.
As demonstrated in this and other reports, end-stage systolic HF was uniformly accompanied by substantial interstitial fibrosis. Surprisingly, we found that patients with DCM had an even greater degree of interstitial ECM deposition (as determined by collagen area fraction of tissue sections) than patients with ICM, when areas of gross scar and perivascular fibrosis were excluded from analysis. These results were then compared to the biochemical analysis of protein-bound hydroxyproline, which has been a useful measure of collagen deposition in animal models of cardiac remodeling. 39, 40 However, our analysis of failing human myocardium revealed somewhat of a discordance between morphometric measurements of interstitial tissue fibrosis and protein-bound hydroxyproline, especially in ICM patients, and after ventricular unloading. Although there was a reasonable correlation between the two measurements, the analysis of tissue fibrosis using morphometry is highly dependent on tissue sampling, and is influenced by changes in cardiomyocyte size. 41 Specifically, the disproportionate regression of cardiomyocyte hypertrophy can influence the relative measurement of ECM area in tissue sections, thereby underestimating the reduction in fibrosis as a result of mechanical unloading. Mallory-Trichrome staining is routinely performed by clinical laboratories and requires no special equipment, but may also underestimate the degree of fibrosis as compared to picrosirius red staining and illumination with circularly polarized light. 42 Protein-bound hydroxyproline measurements are derived from a larger sample of myocardial tissue, but also have limitations. For example, the analysis does not exclude regions of fibrosis surrounding small blood vessels, or regions containing microscopic scar. Furthermore, the percentage of prolyl residues that are hydroxylated may vary within interstitial collagens depending on the activity of prolyl 4hydroxylase, an enzyme that requires ferrous ion, alpha-ketoglutarate, and ascorbate for its activity. 43
Up-regulation of CTGF gene expression in human HF
We found that LV tissue CTGF mRNA levels were up-regulated in both DCM and ICM patients, which coincided with the up-regulation of ventricular ANF, a tissue biomarker of mechanical overload. Our results confirm previous studies demonstrating that CTGF is upregulated in both human and animal models of HF (for review, see 36 ). In this regard, CTGF gene expression is regulated by a number of pathways that are activated during cardiac hypertrophy and HF. These include downstream effectors of Gαq-coupled receptors for angiotensin II, norepinephrine and endothelin-1, 44 as well as integrin-dependent, mechanosensitive signaling pathways that involve focal adhesion kinase. 4544 Indeed, preliminary studies from our laboratory 46 indicate that mechanical unloading of cultured neonatal rat ventricular myocytes (by KCl-, butanedione monoxime-or nifedipine-induced contractile arrest) caused a substantial reduction in CTGF expression, suggesting that mechanosensors in cardiomyocytes also regulate its expression. Conceivably, increased cardiomyocyte CTGF expression and secretion could thereby increase fibrillar collagen gene expression by cardiac fibroblasts via a paracrine mechanism. Cardiomyocyte protein kinase C (PKC) may function as an intermediary signaling kinase in both neurohormonal and mechanical signaling. For instance, King and co-workers demonstrated that angiotensin II regulated CTGF expression in cardiomyocytes through a PKC-dependent pathway that contributed to the development of cardiac fibrosis in an animal model of diabetic cardiomyopathy. 47 PKCs were also activated in response to mechanical stretch 48 and stimulated contraction 49 in cardiomyocytes.
Of note, we also demonstrated the coincident up-regulation of TGFB1 in our DCM and ICM patients. TGFB1 is also a known regulator of CTGF gene expression in both cardiomyocytes and cardiac fibroblasts. 50 A SMAD-binding element in the CTGF promoter was necessary for the basal expression of CTGF by TGFB1, 51 whereas recent studies have shown that an AP-1 site located at -624 bp of the CTGF promoter mediated CTGF's responsiveness to endothelin-1 stimulation in cultured cardiomyocytes. 52 Indeed, Xia et al. 53 showed that CTGF gene transcription was cooperatively regulated by both AP-1 and SMAD binding sites, so it is reasonable to conclude that TGFB1 combined with other neurohormonal agonists that activate AP-1 caused the up-regulation of CTGF gene expression in our HF patients.
However, the extent to which CTGF merely serves as a marker of fibrosis or indeed induces interstitial fibrosis of the heart has not yet been resolved. We demonstrate that CTGF expression occurs coincidently with marked increases in the expression of Type I and Type III collagens. The modular domain structure of CTGF is known to influence the binding and subsequent signaling of TGF-ß and other growth factors that are known regulators of fibrillar collagen gene transcription in the heart and other organs. 54
ECM-reverse remodeling following mechanical unloading
Unlike other aspects of reverse remodeling of the myocardium during mechanical unloading, changes in the ECM do not uniformly reflect a return towards normal conditions. 13, 16, 17 Alterations in ECM and collagen metabolism after LVAD implantation have been studied by several groups, often with conflicting results. The explanation for these contradictory observations, though still unclear, may be related to differences in the causes of HF, 55 duration of unloading 56 as well as differences in the methodology employed. 9, 57 Our results indicate that mechanical unloading not only reduced COL1-A1 and COL3-A1 mRNA levels, but also substantially reduced CTGF and TGFB1 mRNAs. Despite our small sample size, unloading time did not appear to be a factor, although changes in both gene expression and tissue fibrosis during the first 30-60 days of unloading may be qualitatively or quantitatively different from changes observed over much longer time periods.
Nevertheless, we found only a modest reduction in tissue fibrosis and no significant change in protein-bound hydroxyproline. These findings are likely due in part to the very slow rate of fibrillar collagen turnover, even during pathological states that cause substantial ECM remodeling. 39, 40 Furthermore, we found that unloading affected the expression of at least one matrix metalloproteinase (MMP9), which could have reduced the degree of ECM reverse-remodeling. The simultaneous, unloading-induced down-regulation of a major matrix metalloproteinase responsible for the degradation of the fibrotic, cardiac ECM provides an obvious mechanism for the lack of regression of cardiac fibrosis during LVAD support. 38 Other factors may include incomplete LV unloading, right ventricular overload, persistent neurohormonal activation, and differences in collagen fibril maturation and crosslinking. These factors may have also contributed to the persistent increase in fibrillar collagen gene expression and reduced collagen degradation in post-LVAD tissue as compared to NF hearts. The persistently elevated COL1-A1 and COL3-A1 mRNAs occurred independently of reduced TGFB1 and CTGF down-regulation, and may have also contributed to the lack of regression of cardiac fibrosis during LVAD support. Nevertheless, additional studies are needed to determine if CTGF is indeed causing interstitial fibrosis during mechanical overload, and whether activation of matrix metalloproteinases can improve ECM reverse-remodeling during mechanical unloading. Frozen sections of LV myocardium from a patient with DCM were fixed, permeabilized and sequentially stained with mouse anti-human CTGF followed by rhodamine-labeled goat anti-mouse antibodies (red), and then rabbit anti-α-actinin followed by FITC-labeled goat anti-rabbit antibodies (green). Mounting medium containing DAPI was used to detect cell nuclei (blue). Adjacent sections were similarly stained, except for omitting the primary antibodies. Areas of co-localization appear yellow, in the bottom, merged images. Sections were viewed under a Zeiss Axioskop epifluorescent microscope using Axiovision AC (Ver 4.5) software. Scale bar=20μm. 
